Summary. To study the renal medullary transport and accumulation of urea in dogs independent of water transport, we obliterated the medullary electrolyte gradient by a sustained ethacrynic acid diuresis. Infusions of urea were also given at various rates to vary urinary urea concentration. In the steady state, the kidneys were removed, and slices were analyzed for water, urea, and electrolytes. In every experiment in 15 dogs over a range of urinary urea concentration from 19 to 230 mmoles per L and urine flow from 0.5 to 9.7 ml per minute per kidney, an intrarenal urea gradient persisted, and urinary urea concentration was always lower than papillary water urea concentration. The magnitude of this uphill urinary-papillary gradient (mean + SE = -21 + 2.9 mmoles per L) was not affected by hemorrhagic hypotension or a nonprotein diet.
Introduction
It has long been recognized that urea plays a unique role in the renal concentrating mechanism (1) (2) (3) , and that the renal medulla of the hydropenic animal (4) (5) has a marked capacity to concentrate urea with an increasing gradient towards the papillary tip. Microcatheterization studies in the golden hamster have indicated that urea enters the medullary interstitium from the medullary collecting ducts (6) . Berliner, Levinsky, Davidson, and Eden hypothesized that urea is transported passively in the renal medulla (3) . Accordingly, all medullary urea transport is thought to be secondary to prior water movement from the collecting duct, which raises the intratubular urea concentration; this creates the downhill concentration gradient favoring the diffusion of urea through the epithelial wall of the collecting duct. Vasopressin, which increases the permeability of the toad bladder (7) and collecting tubular epithelia § Present address: British-American Hospital, Lima, Peru. 388 (8) to water, is also presumed to increase the permeability of the collecting duct to passive urea transfer (9) . Therefore, all urea transport is indirectly dependent on the maintenance of an intramedullary electrolyte gradient, which is responsible for the osmotic flow of water out of the lumen of the collecting duct, and thus creates the favorable urea gradient.
There are some species, such as the elasmobranch fishes (10) , in which active tubular reabsorption of urea seems to exist. In the rat, protein depletion and mannitol diuresis can produce higher concentrations of urea in renal papillary water than in the final urine (5, 11, 12) . These data have been interpreted as suggesting active transport of urea across the collecting duct. This concept recently has been supported by the micropuncture studies of Lassiter, Mylle, and Gottschalk (13) , which revealed a higher urea 14C concentration in the vasa recta than in the' collecting duct at the same level. However, the applicability of data on urea transport in the rat to other species, such as dog and man, has been questioned (5) .
We designed the present study to test the hypothesis of passive urea transport in the dog's renal medulla by studying medullary urea accumulation in the steady state when the medullary electrolyte gradient was obliterated with ethacrynic acid. Our data revealed that under these conditions a medullary urea gradient was still maintained, and furthermore, an uphill concentration gradient for urea between final urine and papillary tip was present. The effects on this uphill urea gradient of iodoacetate, an inhibitor of anaerobic glycolysis; cyanide, an inhibitor of oxidative metabolism; and acetamide, a possible competitive inhibitor, were also investigated.
Methods
A total of 30 acute experiments were performed in 30 female mongrel dogs weighing 20 to 25 kg. For 1 week before the experiment, 27 animals were maintained on a standard diet containing more than 100 g protein per day and adequate minerals and vitamins. In three a synthetic nonprotein diet similar to that utilized by Manitius, Pigeon, and Epstein (14) was substituted for the standard diet. On the day before each experiment, water was withheld, and 5 U of Pitressin tannate in oil was administered. After the induction of light anesthesia with intravenous sodium pentobarbital, a midline abdominal incision was made, the ureters were isolated near their entrance to the urinary bladder, and polyethylene cannulas were inserted up to the pelvis of each kidney. A priming dose of creatinine was administered intravenously, followed by a sustaining infusion of isotonic saline at a rate of 1 ml per minute containing adequate amounts of creatinine for clearance determinations plus aqueous Pitressin given at a rate of 50 mU per kg per hour throughout the experiment. Cannulas were inserted into the femoral artery for blood sampling and into the femoral vein for subsequent administration of the various loading solutions. The following experimental modifications were then utilized.
Mannitol-urea diuresis. Three preliminary experiments were performed (dogs U,, U2, U3) in which diuresis was induced by the intravenous infusion of 10% mannitol at a rate of 12 to 15 ml per minute. When total urine flow (V) from both kidneys reached 16 to 18 ml per minute, the mannitol was stopped and a solution of 8% urea in 75 mM saline was infused at a comparable rate until a stable diuresis was maintained for 45 to 60 minutes at V of 20 to 24 ml per minute. For. the last few collection periods, the urine was collected separately from each kidney. The renal pedicles were then clamped, and both kidneys were rapidly removed and immediately frozen in a mixture of acetone and dry ice. They were subsequently sliced and analyzed for urea, electrolytes, and water as described below. Ethacrynic acid diuresis alone. Thirty to 45 minutes after instituting the priming and sustaining clearance infusions, we gave an intravenous priming dose of ethacrynic acid of 1.25 mg per kg (dogs D,, D2, D4, D15).
This was followed immediately by a sustaining infusion of ethacrynic acid in 5%o dextrose and water administered at a rate of 1.25 mg per kg per hour for the remainder of the experiment. One to 2 hours after the priming dose of ethacrynic acid, when V was stable and urinary osmolality was virtually isotonic for three to four 5-minute collection periods, both kidneys were removed and frozen.
Standard protocol: ethacrynic acid-urea diuresis. The experiments were begun with an ethacrynic acid diuresis as outlined above (dogs U4-U7, U15, U20). In addition, to serve as a control procedure for subsequent studies involving intra-arterial infusions, both renal arteries were dissected free, and in dogs U12 and U2o isotonic saline at a rate of 0.25 ml per minute was infused into each kidney throughout the experiment. Once a stable state of diu. resis due to ethacrynic acid was achieved for several periods, an intravenous infusion of 8%o urea in 75 mM saline was added. This was given at various rates in the different experiments so as to achieve different steady state values of V and urinary urea concentrations (Uurea) at the end of the experiment. When V was stable within 1 to 2 ml per minute for 30 to 45 minutes during the combined ethacrynic acid-urea diuresis, the urine was collected separately from each kidney for two to four collection periods, after which both kidneys were removed and frozen. In several experiments, in order to prevent marked sodium depletion and a sharp fall in glomerular filtration rate (GFR), we gave additional isotonic saline after institution of ethacrynic acid diuresis.
Standard protocol plus hemorrhage. In two additional experiments (dogs U8, U9), in order to study the effects of hemorrhagic hypotension and to reduce V markedly while still maintaining a reasonably high filtered load of urea, we removed arterial blood from the femoral artery during the ethacrynic acid-urea diuresis to lower mean arterial blood pressure (BP) to approximately 50 mm Hg (from previous values exceeding 100 mm Hg). BP was monitored with a mercury manometer. During stable V and BP, the kidneys were removed and frozen.
Standard protocol plus nonprotein diet.
Dogs Uio, U11, and U12 received a synthetic nonprotein diet for 1 week before we performed standard ethacrynic acid-urea diuretic experiments. Experiments involving use of inhibitors. In 12 experiments, the study was begun with an ethacrynic acid diuresis. In all of these animals, during the initial preparations, both renal arteries (before the bifurcation) were dissected free and no. 23-gauge needles inserted into each vessel, the tip pointing against the direction of blood flow. The needles were kept open with infusions of isotonic saline at a rate of 0.25 ml per minute. A saline infusion to the contralateral renal artery was maintained, and this served as the control kidney. The dosages of both cyanide and iodoacetate chosen were in the dose range already demonstrated by Fujimoto, Nash, and Kessler (15) , and by Herms and Malvin (16) into one renal artery in place of the saline infusion. This infusion was continued for 30 minutes, after which it was replaced by a solution infused at the same rate which contained the same concentration of acetamide plus urea at a concentration equal to one-half that of acetamide. A solution containing the identical concentration of urea was also simultaneously infused into the renal artery of the control kidney. Thus, acetamide and urea were infused in 2: 1 proportions into the experimental kidney, and only urea was infused into the control. In approximately 60 minutes, during stable V from both kidneys, the kidneys were removed and frozen.
Processing of renal tissue and chemical analyses. The kidneys of all experimental animals plus ten kidneys from five nondiuretic hydropenic animals were frozen and sliced in the manner described below.
Two cross-sectional slices approximately I inch thick were taken from near the center of each frozen kidney. With a cartilage knife, slices perpendicular to the corticopapillary axis were taken from cortex, outer papilla (i.e., peripheral portion of the inner zone adjacent to the outer zone of the medulla), and the tip of the papilla. Each slice was divided longitudinally into two pieces, each weighing 100 to 300 mg. We dried one in an oven at 103 to 1050 C for 48 hours to estimate water content of tissue. The dried tissue, after weighing, was then digested with 5 ml of concentrated nitric acid, after which the solution was diluted with water; sodium and potassium were determined by flame photometry.
The second piece of each slice, after weighing, was transferred to a mortar and pestle for homogenization and dilution with 10 ml distilled water. One-ml samples of this homogenate were taken in duplicate for determination of urea by the Conway microdiffusion technique (17) . Ammonia blanks were done in each analysis. Preliminary experiments revealed that the precision of the determination of urea concentration in tissue water in our laboratory was 1 to 2 mmoles per L or better in duplicate specimens, and recovery from tissue was 100 ± 0.5%o. In each experiment, sodium, potassium, urea, ammonia, and water content were determined on two slices from each kidney at a given level (cortex, outer papilla, and papillary tip); the values were averaged to yield the mean value of that level in a given kidney.
Dialysis of tissue homogenates. To assess the extent of tissue protein binding of urea, we performed two additional in vitro experiments. Each was begun by inducing an ethacrynic acid diuresis in a dog. During stable V, the kidneys were removed and the inner white medulla from each kidney was removed and homogenized in a mortar and pestle, with sufficient isotonic saline to provide no more than 1: 2 to 1: 3 dilution of the tissue. Isotonic saline solution was used as the dialyzing fluid. In experiment 1, sufficient urea was added to homogenate and dialyzate to provide approximately equivalent concentrations of urea on both sides of the membrane before dialysis. In experiment 2, no urea was added to the predialysis dialyzing fluid. Dialyses were performed for 240 minutes with a cuprophane membrane suspended between two Lucite chambers, each with a capacity of 2.5 ml. Turbulance was maintained on each side of the membrane by bubbling air through the dialyzate and homogenate.
All blood and urine specimens were analyzed for osmolality, sodium, potassium, creatinine, and urea by methods described previously (18 Abbreviations: UO= urinary osmolality; PO m=plasma osmolality; V = urine flow; Uura = urinary urea concentration; and GFR=glomerular filtration rate. tained in Table II , which summarizes the tissue and urinary data from all experiments employing ethacrynic acid without the use of inhibitors. Both kidneys from dog U4 show total obliteration of the intrarenal electrolyte gradient. In striking contrast, an intrarenal urea gradient was still present; furthermore, the papillary tip urea concentration of both kidneys was higher than the ipsilateral pelvic urinary urea concentration. Figures 1 and 2 , respectively. In these charts, in addition to the data from the experiments listed in Table II , the data from the control kidneys of the 12 experiments that utilized inhibitors are also plotted. In Figure 1 Effects of sodium cyanide. Figure 3 cording to the standard protocol which also received sodium cyanide in one renal artery (U81, U32, U33). The data from dog U20 are also presented for comparison. This was an experiment in which both renal arteries were dissected free, and only isotonic saline was infused into them throughout the experiment. It is apparent that in [urea] of the experimental kidney was less than that of the control kidney by twothirds to three-fourths, a difference that is statistically significant (p < 0.02). There were no consistent differences in V and GFR between the control and experimental kidneys that might be invoked to account for these differences.
In a second group of three experiments (dogs U21, U23, U24), which are summarized in Figure 4 , iodoacetate was begun before initiation of the urea infusion. Both kidneys were removed together at the end of the experiment. Under these con- Figure 4 for comparison. The differences in A[urea] between experimental and control kidneys in all iodoacetate experiments of both types are highly significant (p < .005). Effects of acetamide. Data from three experiments (dogs U26, U27, U20) in which acetamide and urea were infused into the experimental kidney and urea alone was simultaneously administered to the control kidney are illustrated in Figure  5 . It is apparent that, in the presence of acetamide, there was a sharp reduction in the medullary urea gradient; furthermore, the uphill [urea] virtually abolished in dogs U26 and U28 and sharply reduced in dog U27. The A [urea] of the experimental kidney, which received acetamide, was significantly different from that of the control (p < 0.001).
Thus, to summarize the results of the experiments with inhibitors, both iodoacetate and acetamide reduced the intrarenal urea gradient and the uphill urinary-papillary gradient for urea. On the other hand, no effects on these variables were observed with sodium cyanide. No innate differences between two kidneys in the same animal were observed in experiments similarly performed without the use of specific inhibitors.
In vitro dialysis experiments. These data are summarized in Table IV Discussion Although active tubular reabsorption of urea has been inferred from studies in the elasmobranch (1), rat (5, (11) (12) (13) , and sheep (20) , this report represents the first study in which an uphill urinary-papillary urea gradient has been reproducibly demonstrated in the dog. This is of particular importance because, heretofore, the strongest arguments for passive urea transfer in the renal medulla have been based largely on clearance (9, 21), stop flow (22) , and tissue slice studies (23, 24) performed in the dog. The critical procedure in our experiments was the administration of ethacrynic acid, a drug which inhibits sodium transport in the loop of Henle (18, 25) , thereby obliterating the intramedullary electrolyte gradient as observed on tissue analysis. Hence, the osmotic gradient for water removal from the collecting duct was eliminated (Uosm/Posm approached 1.0, T!H20 approached zero). Despite the fact that net water reabsorption in the final concentrating operation was virtually nonexistent, medullary urea transport and the accumulation of urea along a rising intramedullary concentration gradient were still present.
Micropuncture (26) and microcatheterization (6) studies on urea transport in the rodent have revealed that the major direct source of medullary urea was the collecting duct (11) . Although the details of the direction of urea movement in the dog kidney have not been so well worked out, studies by Clapp (12) indirectly suggest the presence of a medullary system of urea circulation in the dog kidney qualitatively similar to that in the rat, in which a major fraction of filtered urea is reabsorbed in the collecting duct. If this is true, our data indicate the presence of a steady state uphill transport gradient for urea.
Although this uphill transport gradient in itself suggests active transport of urea, other possible explanations involving passive transfers of urea must be evaluated. Solvent drag appears to be an unlikely mechanism because it cannot produce a solute concentration on the distal side of the membrane higher than in the solution of origin. Evidence for urea production by kidneys of the chicken in vivo (27) and the frog in vitro (28) has been presented. If this occurred in the renal medulla, then de novo urea synthesis could contribute to the total medullary urea concentration and theoretically, at least, might raise tissue urea concentration to values above that in final urine. There is no evidence, however, that renal synthesis of urea plays a quantitatively significant role physiologcally. In the chicken, Owen and Robinson (27) could find no evidence that urea synthesis was the source of a significant fraction of excreted urea unless arginine was infused. In the rat, Truniger and Schmidt-Nielsen (11) observed that the specific activity of medullary urea 14C was no different from that in plasma and renal cortex; and Lassiter and associates (13) found that urea 14C concentration of blood in the vasa recta was greater than that in the collecting duct. These observations suggest, therefore, that the contribution of a urea-producing system in the renal medulla to the total urea concentration of tissue water or vasa recta plasma is negligible.
The binding of a large proportion of papillary urea to tissue protein could also account for an apparently higher urea concentration in tissue water than in urine in our experiments. This is because urea and water contents were determined independently, and the aqueous concentration of urea was then calculated. Under these conditions, the "true" aqueous tissue urea concentration could be lower than that of collecting duct urine, thus favoring passive downhill diffusion, whereas apparent "total" tissue urea concentration, which included bound urea, would be higher than that of final urine. No evidence has been provided, however, which indicates that mammalian tissue proteins bind urea to any measurable degree. Furthermore, dialysis experiments performed by Lassiter and co-workers on plasma proteins of the rat (13) and by us on canine medullary tissue have failed to uncover evidence for binding of sufficient magnitude to account for our results. In addition, the fact that iodoacetate reduced or obliterated the uphill urinary-papillary gradient argues strongly against simple physical or physicochemical binding. Still possible, but perhaps unlikely, would be a urea-binding system requiring energy derived from anaerobic glycolysis.
When the experiments with the various inhibitors are taken into consideration, the most likely explanation for all of our observations is that urea is actively transported from the collecting duct into the medullary interstitium. Because iodoacetate, an inhibitor of anaerobic glycolysis (29) , distinctly affected the uphill urea gradient and cyanide, an inhibitor of the electron transport system, had no measurable effect, it appears that, under our experimental conditions, the energy supply for medullary urea transport was derived principally from anaerobic metabolism. This conclusion is also compatible with our observation that both the intrarenal urea gradient and the uphill urinary-papillary gradient were maintained, despite the presence of hemorrhagic hypotension and renal ischemia. Schirmer (30) studied the in vitro metabolism of canine renal medullary slices after prolonged clamping of the renal artery and found a remarkable capacity of the medulla to maintain glycolysis despite severe ischemia. Kean, Adams, Winters, and Davies (31) hypothesized that most, if not all, of the chemical energy utilized in the renal medulla was derived from anaerobic metabolism. They based their conclusion on in vitro studies that revealed a high rate of glycolysis in the renal medulla and also on the principles of countercurrent exchange, which predict a low oxygen tension in the inner medulla. They speculated further that this system was the major energy source for sodium transport in the countercurrent multiplier system. Although this may be true, attention should also be directed to the possibility that medullary anaerobic glycolysis is of equal or greater importance in the transport of urea.
The effects of acetamide, a compound structurally related to urea, in reducing the intrarenal accumulation of urea and markedly lowering the uphill urinary-papillary gradient also support the concept of active urea transport. There are several examples wherein acetamide and another urea analog, methylurea, are transported similarly. In the renal medulla of the rat, where uphill urea transport appears to occur, both acetamide and methylurea accumulate in a manner qualitatively similar to urea (11) ; in the renal tubules of the elasmobranch, these compounds are actively reabsorbed in a manner similar to urea, but thiourea is not (32) . Rabinowitz and Kellogg (33) have shown in the dog that both acetamide and methylurea and a few other analogues were capable of enhancing the concentrating ability of the kidney in a manner resembling the action of urea. Hence, in our own experimental system, acetamide may share the same transport or carrier sites as urea and thus serve as a competitive inhibitor of urea transport. An alternative, but less likely, explanation for the observed effects of acetamide in our studies is that this compound competes with urea for certain specific tissue protein-binding sites.
Several questions concerning the nature of the proposed urea transport system and its relationship to water reabsorption and to the effects of vasopressin remain to be answered. Our observation that the magnitude of the urinary-papillary uphill gradient was reasonably stable over a wide range of V and Uureal may be pertinent.
This finding could be explained if the urea transport system in the collecting duct, rather than being limited by the tubular load of urea presented to it, is, in fact, a gradient-limited system, and under the conditions of our experiments the limiting concentration gradient was unmasked. This interpretation is also compatible with the concept that the higher the tubular concentration of urea relative to the interstitial concentration, the more favorable are the conditions for urea transport. Thus, under normal hydropenic conditions, which favor a very high collecting tubular urea concentration due to the high rate of water reabsorption in the distal tubule and collecting duct, this energy dependent system is transporting urea downhill along its chemical gradient. Any condition that lowers the urea concentration of fluid entering the collecting duct, such as water diuresis or solute diuresis, would provide a transtubular gradient less favorable for optimal urea transport and reduce the rate of urea reabsorption. Likewise, any condition directly reducing the net reabsorption of water from the collecting duct, such as the absence of vasopressin or, more completely, the obliteration of the medullary electrolyte gradient, would also inhibit urea reabsorption and, in the latter case, unmask the limiting uphill transport gradient. Whether urea reaches the medullary interstitium by active transport, as suggested by our data, or by passive mechanisms, it would accumulate in the inner medulla according to the principles of countercurrent exchange involving the vasa recta (3) and increase papillary and urinary osmolality. An active transport system could, in addition, account for the increase in urinary nonurea solute concentration observed under certain conditions after administration of urea and protein (11, 14) .
The above hypothesis on urea transport in the collecting duct requires no direct effect of vasopressin on urea permeability. Rather, vasopressin, which alters water permeability of the distal nephron, might indirectly influence urea transport by changing intratubular urea concentration. Although vasopressin increases the permeability of the toad bladder to both water and urea (7) and in vitro perfusion studies of rat collecting duct have been interpreted as suggesting similar effects (34) , recent direct observations indicate that vasopressin acts on the distal tubule of the rat (35) and the collecting tubule of the rabbit (8) to change their permeability to water and not to urea. These latter findings are perfectly compatible with our hypothesis outlined above.
